When graphene is deformed in a dynamical manner, a time-dependent potential is induced for the electrons. The potential is antisymmetric with respect to valleys, and some straightforward applications are found for Raman spectroscopy. We show that a valley-antisymmetric potential broadens Raman D band but does not affect 2D band, which is already observed by recent experiments. The space derivative of the valley antisymmetric potential gives a force field that accelerates intervalley phonons, while it corresponds to the longitudinal component of the previously discussed pseudoelectric field acting on the electrons. Effects of a pseudoelectric field on the electron is quite difficult to observe due to the valley-antisymmetric coupling constant, on the other hand, such obstacle is absent for intervalley phonons with A 1g symmetry that constitute the D and 2D bands.
as well as a normal electric field can accelerate the electrons and induce current. However, since the coupling constant is valley anti-symmetric, the currents at the K and K' valleys flow in the opposite directions and they cancel out. As a result of the cancellation effect, a pseudoelectric field does not cause a net electric current, in general. While several authors try to extract a net electric current from a time-dependent lattice deformation, such attempt is based on unrealistic assumptions. [12] In this paper, we show that the cancellation effect of a pseudoelectric field which originated from the valley-antisymmetric coupling constant, is absent for intervalley phonons.
The phonons are observed in the Raman spectrum of graphene, and the effects of a pseudoelectric field are already visible from recent experiments of Raman spectroscopy. The point of our theoretical analysis is that a valley-antisymmetric potential is induced for the electrons when graphene is deformed in a dynamical manner, and the spatial derivative of the potential gives a force field for the phonons, which turns out to be the longitudinal component of the previously discussed pseudoelectric field acting on the electrons. In other words, we have extended the idea of a pseudoelectric field to include the phonons, by introducing the concept of a valley-antisymmetric potential acting on the electron. The force field on the phonons is free from the cancellation effect so that the effect of a pseudoelectric field is easy to observe.
Before providing an exact formulation of a valley-antisymmetric potential, we outline the main result here in such a way that readers will easily be able to grasp the essential points.
When graphene is deformed in a time dependent manner, the electrons are subject to a potential. It is valley antisymmetric, that is, the sign of the potential is different for the K and K' valleys as shown in Fig. 1(a) . The potential is time dependent and disappears when the deformation becomes static as shown in Fig. 1(b) . Meanwhile, static deformation causes a shift of the wavevector between the K and K' points, which is permanent. A straightforward application of a valley-antisymmetric potential is found with respect to the defect-induced D band observed in the Raman spectrum of graphene. [14] [15] [16] The
Raman process starts when an electron-hole pair is created in the Dirac cones by absorbing a laser light, as shown in Fig. 2 (a) and 2(b). A photo-excited electron or hole can change its valley by emitting an intervalley phonon, which constitutes the D band. Elastic intervalley scattering (represented by dashed arrows) caused by certain defects, such as the armchair graphene edge, [15] [16] [17] can compensate for the changes in the valleys. Then the electron recombines with the hole as the result of a scattered light emission, which completes the Raman process. [18] Let ω and ϕ be the frequency of the phonon and the potential difference, respectively. As shown in Fig. 2(a) , the potential difference ϕ contributes to the Raman shift, phonon with frequency ω, the Raman shift
There is no spectrum change for the 2D Raman band because of the cancellation:
which is the energy difference between the incident and scattered light as E Such D and 2D Raman band behavior was observed in a recent Raman spectroscopy experiment. [19] In the experiment, H 2 O molecules are considered to be inserted between the graphene layer and substrate. When H 2 O molecules are irradiated by a laser light, the interaction between H 2 O molecules and graphene induces a time-dependent lattice deformation, which we identify as the origin of ϕ. The interaction between H 2 O molecules and graphene is also discussed by Mitoma et al. [20] The authors observed an enhancement of the D band intensity for graphene on a water-rich substrate and explained it in terms of the photo-oxidation of graphene. For a strong laser light, the deformation can be significantly large and graphene may be further damaged by such dynamical deformation.
A valley antisymmetric potential and a shift of the K and K' points are both described in a unified fashion by the formulation of a deformation-induced gauge field. When a C-C bond expands or shrinks in the graphene plane, the hopping integral diverges from the equilibrium value −γ. [21] Thus, lattice deformation is defined by a change in the hopping integral, which depends on the position of a carbon atom r, the bond direction a (= 1, 2, 3), and time t, as −γ + δγ a (r, t). In the absence of deformation, the low-energy dynamics of the π-electrons is governed by a massless Dirac equation. [1, 2] Lattice deformation modifies the massless Dirac equation into a Dirac equation that includes a deformation-induced gauge field A q (r, t) and mass m(r, t) as [8] ih ∂ ∂t
In this equation, v ∼ 10 6 m/s is the velocity of the electron,p = −ih∇ is the momentum operator, σ = (σ x , σ y ) and σ ′ = (−σ x , σ y ) are the Pauli matrices that operate on the two-component wavefunction for each valley, Ψ K or Ψ K ′ . The mass is induced when the lattice deformation has a short distance periodicity comparable to the lattice constant. In the lattice vibrational motions in graphene, such deformation appears as an intervalley phonon with A 1g symmetry. [14] [15] [16] 18 ] Let k F + q be the wavevector of an A 1g phonon, where k F denotes the wavevector of the K point, and ω is the frequency, it can be shown that m(r, t) = m 0 e iq·r cos(ωt), where m 0 is a constant determined by the electron-phonon coupling g ∼ 6 eV. Meanwhile, the field A q (r, t) = (A q x (r, t), A q y (r, t)) is calculated from the displacement vector of the acoustic phonons u(r, t) = (u x (r, t), u y (r, t)) by vA q x (r, t) = g(−∂ x u x (r, t) + ∂ y u y (r, t))/2 and vA q y (r, t) = g(∂ y u x (r, t) + ∂ x u y (r, t))/2 (See Sec.I of Supplementary Materials for details). Some examples of static gauge field A q (r) are shown in Fig. 3 .
The crucial step in clarifying the effect of the time dependence of lattice deformation is to decompose A q (r, t) into divergenceless (transverse mode) and rotationless (longitudinal mode) fields that satisfy ∇ · A T (r, t) = 0 and ∇ × A L (r, t) = 0, respectively, as [6] 
This decomposition is always possible because of the Helmholtz's theorem (See Sec.II of Supplementary Materials). The field A T (r, t) induces a non-zero pseudomagnetic field, The corresponding displacement vector field u(r).
B q (r, t) ≡ ∇ × A T (r, t), while the field A L (r, t) induces zero pseudomagnetic field. Thus, A L (r, t) can be written as the space derivative of a scalar function Φ(r, t) as A L (r, t) = ∇Φ(r, t). By putting Ψ K (r, t) = e −iΦ(r,t)/h ψ K (r, t) and Ψ K ′ (r, t) = e +iΦ(r,t)/h ψ K ′ (r, t) into Eq. (1), the Dirac equation is written in terms of the new wavefunction (ψ K (r, t), ψ K ′ (r, t))
In this representation, the effects of the time dependence are apparent. First,Φ(r, t) (≡ ∂Φ(r, t)/∂t) appears as a potential for the electrons in the K and K' valleys. Note that the signs of the potentials are reversed for the two valleys. [26] As a result, there is a potential difference between the valleys, ϕ(r, t) ≡ 2Φ(r, t).
Secondly, Φ(r, t) appears at the phase of the off-diagonal terms. Thus, for the A 1g
phonons, the off-diagonal parts are given by m 0 e ±i(q·r+2Φ(r,t)/h) cos(ωt)σ x . The wavevector and frequency of the modified A 1g phonon, which are defined as the space and time derivatives of the phase, are
hω →hω ± ϕ(r, t).
This confirms the broadening of the D Raman band, which we discussed earlier. The A 1g
phonon is softened and hardened in a dynamical manner, which is sharp contrast to the static strain-induced softening of an A 1g phonon. [22, 23] For static deformation, we have q → q + 2∇Φ(r)/h and ϕ(r, t) = 0, which show that only the wavevector of the A 1g phonon is changed, and the wavevector shift is due to the translation of the Dirac cones as shown in Fig. 1(b) , namely, k F → k F − ∇Φ(r)/h. Specifically, the shift of q may result in a shift of the peak position of the D band because ω is linearly dependent on |q|. [24] Note that a shift of the peak position of the D band is independent of the broadening, while the broadening of the D band may be related with the lifetime of the A 1g phonon. However, the D band broadening observed in Ref.
19 cannot be attributed only to the lifetime of the A 1g phonon.
Because, if the lifetime of the A 1g phonon is the main cause of the broadening of the D band, the 2D band that consists of two A 1g phonons should broaden too, which is not observed in the experiment. Furthermore, the lifetime of the A 1g phonon calculated is too long to explain the broadening. The long lifetime of the A 1g phonon results from the fact that the decay of the A 1g phonon into an electron-hole pair is suppressed by the kinematics. [25] Thirdly, ∇Φ(r, t) =Ȧ L (r, t) accelerates the electrons (induces electric currents) while the directions of the force fields are opposite for the K and K' valleys. In addition to this, A T (r, t)
causes a shift of the wavevector between the K and K' points as shown in Fig. 1(b) . Wheṅ A T (r, t) = 0, the shift is static, while whenȦ T (r, t) = 0 the shift becomes dynamical and accelerates the electrons (induces electric currents) at the K and K' points. Since we have defined a pseudomagnetic field as B q (r, t) = ∇ × A q (r, t) by analogy with a magnetic field B(r, t) = ∇ × A(r, t), it is reasonable to define a pseudoelectric field as E q (r, t) = −Ȧ q (r, t)
by analogy with an electric field E(r, t) = −Ȧ(r, t). Thus, E q (r, t) is referred to as the pseudoelectric field in literature. [9] Because these currents flow in the opposite directions, they are subject to the cancellation and do not cause a net electric current. [27] Though the pseudoelectric field has been considered as a force field for the electron, it also causes a force field for the A 1g phonon. To show this, we first note that Eq. (5) can be expressed in the differential form,hq = 2Ȧ L (r, t).
The right-hand side is reminiscent of the electric field that accelerates the electron, which appears in the equation of motion;hk = −eE(r, t).
By employing a gauge transformation, the electric field is expressed as the time derivative of the gauge field (vector potential) A(r, t) as E(r, t) = −Ȧ(r, t) without losing generality. This makes it easy to see that there is a strong similarity between Eqs. (7) and (8).
Namely, the left-hand side of the equations is the time derivative of the momentum and right-hand side is the time derivative of the gauge field. Using the decomposition of Eq. (2), (7) is written ashq = −2E L (r, t), which shows that a longitudinal component of the pseudoelectric field is a force field that accelerates the A 1g phonon.
This definition is consistent with the natural thought that the force is the space derivative of the potential: E L (r, t) = −∇ϕ(r, t). From symmetry point of view, E L (r, t) or ϕ(r, t)
is the measure of valley asymmetry, while B q (r, t) is the origin of the asymmetry between sublattices. [8] Since the pseudo-electromagnetic fields cover all degrees of freedom of the electrons in graphene, we can expect there to be a set of partial differential equations for E q (r, t) and B q (r, t), similar to Maxwell's equations for electromagnetic field. It is, however, beyond the scope of this paper.
Generally, to know ϕ(r, t), we need to solve a dynamical Φ(r, t) equation. Such an equation is obtained from the potential energy functional for Φ(r, t) (See Sec.III of Supplementary Materials);
where µ is Lamé coefficient and ρ is the density of matter. The last term F [Φ] is a potential energy that depends on the lattice deformation characterized by annealing temperature and adsorbates. Moreover, F [Φ] is also dependent on B q (r, t) (or A T (r, t)), and ϕ(r, t) is difficult to identify. Here, let us assume that E[Φ] has a local minimum at Φ(r) = 0 and that the where n is an integer, which suggests the existence of degenerate ground states. If the electronic system has a periodicity in time T = π/ω 0 , 2δΦ(r) must be a multiple of πh.
Thus, the amplitude of ϕ(r, t) is given by πhω 0 n. 
